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(§)  Silicon  nitride  sintered  bodies  and  a  method  for  their  production. 

  Silicon  nitride  sintered  bodies  which  contain  no  more 
than  15%  by  weight  metallic  non-oxide  compounds  as  sili- 
con  nitride  high  temperature  grain  growth  inhibitors  and 
total  amount  of  4-25%  of  MgO  and  Al2O3  as  densifying  aids 
in  MgO/Al2O3  weight  ratio  being  19  to  2. 



This  i n v e n t i o n   r e l a t e s   to  s i l i c o n   n i t r i d e   s i n t e r e d   bodies   r e -  

s u l t i n g   from  the  s i n t e r i n g   of  a  raw  m a t e r i a l   or  powder  c o m p o s i t i o n  

based  on  Si3N4  enab l ing   s i n t e r e d   o b j e c t s   to  be  p repared   by  p r e s s u r e -  
l e s s   s i n t e r i n g .   The  i n v e n t i o n   a l so   r e l a t e s   to  the  method  for  the  manu- 

f a c t u r e   of  a r t i c l e s   of  s i l i c o n   n i t r i d e   by  p r e s s u r e l e s s   s i n t e r i n g   o f  

the  above-ment ioned   raw  m a t e r i a l   p o w d e r .  
S i l i c o n   n i t r i d e   is  known  to  be  a  very  hard  m a t e r i a l   which  i s  

s u i t a b l e   for  m a n u f a c t u r i n g   p a r t s   having  high  mechanica l   s t r e n g t h   a t  

high  t e m p e r a t u r e   ( s h a f t s ,   gas  t u r b i n e   b l ades ,   p a r t s   in  c o n t a c t   w i t h  

l i q u i d   me ta l s ,   block  b e a r i n g s ,   b a l l   b e a r i n g s ,   s e a l i n g   segments  e t c . . ) ,  

p rov ided   i t s   degree  of  p o r o s i t y   is  low.  In  t h i s   r e s p e c t ,   the  h i g h e r  

the  degree  of  p o r o s i t y   of  t h i s   m a t e r i a l ,   the  l e s s   i t   r e s i s t s   b r e a k -  

age  fo rces   and  hot  o x i d a t i o n   c o r r o s i o n .   A  Si3N4  of  very  low  p o r o s i -  

ty  can  be  manufac tu red   which  is  s u i t a b l e   for  the  a f o r e s a i d   a p p l i c a -  
t i o n s   by  hot  u n i a x i a l   p r e s s i n g .   By  t h i s   method,  compact  Si3N4  i s  

o b t a i n e d   in  the  form  of  b locks ,   which  are  very  c o s t l y   to  conve r t   i n -  

to  complex  mechanica l   p a r t s   because  of  the  extreme  ha rdness   of  t h e  

m a t e r i a l ,   the  s p e c i a l   t o o l s   (diamond  clad)  r e q u i r e d   for  t h e i r   m a c h i n -  

ing,  and  the  s lowness  of  t h i s   work.  Thus,  an  a c t i v e   a t t empt   has  b e e n  

made  dur ing   r ecen t   yea r s   to  d i r e c t l y   form  p a r t s   by  molding  or  s t a n p -  

ing  powder  c o m p o s i t i o n s   based  on  Si3N4  fo l lowed  by  s i n t e r i n g   at  h i g h  

t e m p e r a t u r e   under  an  i n e r t   a tmosphere .   In  doing  t h i s ,   the  f o l l o w i n g  

th ree   bas ic   f a c t o r s   have  proved  impor t an t :   the  a d d i t i o n   of  d e n s i f i -  

c a t i o n   a i d s ,   the  use  of  powders  of  f ine   p a r t i c l e   s ize   (of  the  o r d e r  

of  1  to  a  few  um)  and,  dur ing  s i n t e r i n g   the  use  of  a  r e l a t i v e l y   h i g h  

n i t r o g e n   p r e s s u r e   of  the  order   of  2  to  50  a tmosphe res .   By  means  o f  

these   improvements,   d e n s i f i c a t i o n   l e v e l s   of  the  order   of  95  to  97% 

of  the  t h e o r e t i c a l   d e n s i t y   are  now  achieved  ( 3 . 0 3  -   3.097  g / c m 3 ) .  

The  most  impor tan t   p u b l i c a t i o n s   in  t h i s   f i e l d   i n c l u d e ,   for  exam- 

p le :   I.  ODA,  M.  KANENO  and  N.  YAMAMOTO,  " P r e s s u r e l e s s   s i n t e r e d   s i l i -  

con  n i t r i d e "   Ni t rogen   Ceramics,   ed.  F.L.  RILEY,  Nordhoff   (Leyden) 

1977,  359-365;  M.  MITOMO  et  a l . ,   Yogyo  Kyokai  Shi  1976,  84(8) ,   356 



-  360  (Japan);   Japan  J.  Mater,   Sci  1976,  11(6) ,   1103-7;  J apanese   Ko- 

kai  p a t e n t   s p e c i f i c a t i o n   77  47,015;  M.  MITOMO  et  a l . ,   Yogyo  Kyokai  

Shi  1977,  85(8) ,   408-12;  G.R.  TERWILLIGER  &  F.  F.  LANGE,  J o u r n a l   o f  

M a t e r i a l s   Science   10  (1975)  1169-1174;  US  Pa t en t   No.  3 ,992 ,497   and 

" S i n t e r i n g   of  s i l i c o n   n i t r i d e "   by  D.J.  ROWCLIFFE  &  P . J .   JORGENSEN, 
S tan fo rd   Research  I n s t i t u t e ,   Menlo  Park,  C a l i f .  

The  most  common  d e n s i f i c a t i o n   a ids   inc lude   MgO  (5%);  Al2O3  + 

Y2O3(10-50%);  BeO(1.25%)  +  MgO(3.75%);  BeO(1.25%)  +  MgO(3.75%)  + 

CeO2 (5%) ,  e t c . .  

Desp i te   the  e x c e l l e n t   r e s u l t s   on  maximal  d e n s i t i e s   and  f l e x u -  

ra l   s t r e n g t h   (in  the  order   of  400  MPa  at   1400°C)  ob t a ined   by  a p p l y -  

ing  the  r e c e n t l y   developped  t e c h n i q u e s   of  the  p r i o r - a r t ,   some  d i f -  

f i c u l t i e s   s t i l l   remain  in  c o n n e c t i o n   with  the  s t r u c t u r a l   s t a b i l i t y  

of  the  ceramic  m a t e r i a l   under  high  t empera tu re   a p p l i c a t i o n s   (for  i n s -  

tance  high  t e n p e r a t u r e   t u r b i n e   b l a d e s ) .   These  d i f f i c u l t i e s   m a i n l y  

a f f e c t   d e n s i t y   changes ,@-   t o  β -  p h a s e   c o n v e r s i o n ,   f u r t h e r   g ra in   g r o w t h  

and  f l e x u r a l   s t r e n g t h   l o s s e s   at  high  t e n p e r a t u r e .  

At tenps   have  been  made  to  remedy  these   drawbacks  by  the  a d d i -  

t ion   to  the  Si3N4  c o n p o s i t i o n s   of  non-oxide   metal   compounds  such  a s  

SiC,  TiC,  WC,  TiN  and  TiB2  with  the  e x p e c t a t i o n   t h a t   such  m a t e r i a l  

can  act   as  g r a i n   growth  i n h i b i t o r s   and  p r even t   or  minimize  the  o x i -  

da t i on   of  Si3N4  to  SiO2  under  h e a t i n g .   Thus,  for  i n s t a n c e ,   J a p a n e s e  
Kokai  No.  81-32377  (79-104  927)  d i s c l o s e s   a  s i n t e r e d   s i l i c o n   n i t r i -  

de  m a t e r i a l   for  c u t t i n g   t oo l s   having  the  fo l lowing   compos i t i on :   5 

to  40  weight  %  of  one  or  more  of  c a r b i d e ,   n i t r i d e   or  c a r b o - n i t r i d e  

of  t i t a n i u m ;   10  weight   %  or  l e s s   of  one  or  more  of  aluminum  n i t r i -  

de,  aluminum  oxide,   magnesium  oxide,   s i l i c o n   oxide ,   and  oxides   o f  

Fe,  Co,  Ni,  and  ra re   ea r th   m e t a l s .  

Japanese   Kokai  No.  82-123865  (81-16589)  d i s c l o s e s   a  method  f o r  

making  a  dense  s i l i c o n   n i t r i d e   s i n t e r e d   body  c o n t a i n i n g   TiN  a n d / o r  

AlN  and  oxides   such  as  Y203,  Al2O3,  MgO,  Zr02,  TiO2,  BeO,  La2O3  and  

Ce02. 

Japanese   Kokai  No.  82-129875  (81-16589)  d i s c l o s e s   a  too l   f o r  

working  copper  and  copper  a l l o y s   made  of  a  ceramic  c o n t a i n i n g   Si3N4, 
1  to  40  wt%  of  one  or  more  of  AlN,  Al2O3,  Y2O3,  MgO,  CaO,  ZnO2,  TiO2, 

HfO2,  SiC,  CeO,  BeO,  TiN,  Mg2N3,  Al,  e t c . . ,   and  a l so   a  tool   c o n t a i n -  

ing  Si3N4  and  20  wt%  or  l ess   of  WC  and/or   Mo3C  r e l a t i v e   to  the  Si3N4.  



Japanese   Kokai  No.  82-188467  (81-73814)  d i s c l o s e s   a  s i l i c o n   n i -  

t r i d e   based  s i n t e r i n g   compos i t i on   compr i s ing   70  to  97  wt%  of  s i l i -  

con  n i t r i d e ,   1  to  20  wt%  of  t i t a n i u m   n i t r i d e ,   and  2  to  20  wt%  of  a n  

oxide  of  ra re   e a r t h   m e t a l s .  

Japanese   Kokai  No.  82-205376  (81-89330)  d i s c l o s e s   a  dense  s i n -  

t e r i n g   compos i t i on   for  a  c u t t i n g   t oo l ,   compr is ing   Si3N4  and  Al2O3 
in  a  r a t i o   of  50/50  to  90/10,   Si3N4  c o n t a i n i n g   1  to  15  wt%  of  one  

or  more  of  Y2O3,  MgO,  ZrO3,  and  s t a b i l i z e d   ZrO2;  and  A1203  c o n t a i n -  

ing  10  to  50  wt%  of  two  or  more  of  TiC,  TiN  and  TiCN.  The  r e f e r e n -  

ce  a l so   d i s c l o s e s   a  p roce s s   for  p roduc ing   a  s i n t e r i n g   c o m p o s i t i o n  

for  making  c u t t i n g   t o o l s ,   c h a r a c t e r i z e d   by  (a)  mixing  (i)  a  powder  

of  Si3N4  c o n s i s t i n g   of  90  wt%  or  more  of @  -phase   Si3N4  and  c o n t a i n -  

ing  1  to  15  wt%  of  one  or  more  of  Y203,  MgO,  ZrO2,  and  s t a b i l i z e d  

ZrO2,  and  (ii)  a  powder  of  Al2O3  c o n t a i n i n g   10  to  50  wt%  of  two  o r  

more  of  TiC,  TiN,  and  TiCN,  Si3N4  and  Al2O3  b e i n g  i n   the  r a t i o   o f  

50/50  to  90/10,  and  (b)  s i n t e r i n g   under  p r e s s u r e   at  a  high  t e n p e r a -  

tu re   to  the  d e n s i t y   of  97  to  100%  of  the  t h e o r e t i c a l   d e n s i t y .  

Japanese   Kokai  82-207136  (81-92568)  d i s c l o s e s   a  p roce s s   for  p r o -  

ducing  a  s i n t e r i n g   compos i t i on   for  a  c u t t i n g   tool   i nvo lv ing   (a)  m i x -  

ing  (i)  20  to  40  wt%  of  a  T i - c o n t a i n i n g   powder  c o n t a i n i n g   Ti02  a n d / o r  

Ti,  and  TiC  in  the  r a t i o   of  5:95  to  20:80,   (ii)   10  to  50  wt%  of  a n  

Al2O3-based  powder  compr i s ing   60  to  80  wt%  of  Al2O3,  and  ( i i i )   50 

to  90  wt%  of  an  Si3N4-based  powder  c o n t a i n i n g   1  to  15  wt%  of  one  o r  

more  of  Y2O3,  MgO,  Zr02,  and  s t a b i l i z e d   Zr02,  and  (b)  s i n t e r i n g   u n d e r  

p r e s s u r e   at  a  high  t e m p e r a t u r e   to  the  d e n s i t y   of  97  to  100%  of  t h e  

t h e o r e t i c a l   d e n s i t y .   In  a  m o d i f i c a t i o n   of  the  above,  50%  or  l e s s   o f  

TiC  is  r ep l aced   by  TiN,  WC,  TaC,  Mo2C,  or  NbC. 

Japanese   Kokai  83-20782  (81-118239)  d i s c l o s e s   a  s i l i c o n   n i t r i d e  

s i n t e r i n g   powder  c o n t a i n i n g   (a)  95  to  70  wt%  of  s i l i c o n   n i t r i d e   c o n -  

t a i n i n g   more  than  80  wt%  of @  - s i l i c o n   n i t r i d e   and  having  a  c o n t e n t  

of  oxygen  of  5  wt%  or  l e s s ,   (b)  2  to  20  wt%  of  at  l e a s t   one  of  o x i d e  

powder  such  as  Y2O3,  Sc2O3,  La203,  Ce2O3,  Al2O3,  Cr2O3,  MgO,  and  (c) 

0.5  to  20  wt%  of  one  or  more  powders  s e l e c t e d   from  ox ides ,   n i t r i d e s ,  

c a r b i d e s   and  bo r ides   of  e lements   in  the  groups  4B,  5B,  6B  of  the  P e r i o -  

dic  Table ,   B4C,  and  A14C.  The  r e f e r e n c e   f u r t h e r   d i s c l o s e s   a  s i l i c o n  

n i t r i d e   s i n t e r i n g   p roduc t   accord ing   to  c la im  1  having  an  e l e c t r i c a l  

c o n d u c t i v i t y   of  more  than  10 -3Ω -1cm-1   and  being  machinable   by  e l e c -  



t r o e r o s i o n .  

J apanese   Kokai  83-60677  (81-155453)  d i s c l o s e s   a  p rocess   for  p r o -  

ducing  a  hard  s i n t e r e d   s i l i c o n   n i t r i d e   a r t i c l e   by  mixing  (i)  95  t o  

57  wt%  of  metal   s i l i c o n   powder  having  a  maximum  p a r t i c l e   s ize   of  25/um 

or  l e s s ,   (ii)  1  to  15  wt%  based  on  TiN  of  a  t i t a n i u m   i n g r e d i e n t   pow- 
der  capable   of  becoming  TiN  dur ing  the  s i n t e r i n g   r e a c t i o n   or  a  TiN 

powder  having  a  maximum  p a r t i c l e   s ize   of  20  µm  or  l e s s ,   and  ( i i i )  

2  to  28  wt%  of  one  or  more  compounds  s e l e c t e d   from  AlN,  Al2O3,  SiO2,  
and  oxides  of  ra re   ea r th   me ta l s ;   shaping  the  mix tu re ,   r e a c t i o n   s i n -  

t e r i n g   in  an  nonox id i z ing   a tmosphere  of  n i t r o g e n   or  a  gas  m i x t u r e  

c o n t a i n i n g   n i t r o g e n ,   and  then  s i n t e r i n g   again  at  1600°C  to  2000°C 

under  the  same  a tmosphere   as  above .  

Japanese   Kokai  83-74572  (82-134446)  d i s c l o s e s   a  tool   for  work -  

ing  copper  and  copper  a l l o y s ,   compris ing   (i)  60  wt%  or  more  of  Si3N4, 
(ii)  1  to  25  wt%  of  one  or  more  of  ox ides ,   c a r b i d e s ,   b o r i d e s ,   n i t r i -  

des  or  s i l i c i d e s   of  the  e lements   of  the  IIIB  group  in  the  P e r i o d i c  

Table,   and  ( i i i )   1  to  25  wt%  of  one  of  Al,  A1203  and  AlN;  and  h a v -  

ing  pores   of  5%  or  l e s s .  

Japanese   Kokai  83-95644  (81-190186)  d i s c l o s e s   a  high  s t r e n g t h  

complex  s i n t e r i n g   compos i t ion   compr i s ing   ('i)  s i l i c o n   n i t r i d e ,   ( i i )  

20  to  75  wt%  of  one  or  more  of  metal  n i t r i d e s   and  c a r b i d e s   such  a s  

t i t a n i u m   n i t r i d e ,   z i rconium  n i t r i d e ,   z i rconium  c a r b i d e ,   vanadium  c a r -  

bide,   and  ( i i i )   10  wt%  or  l e s s   of  one  or  more  of  aluminum  oxide,   ma- 

gnesium  oxide  and  oxides   of  r a re   ea r th   m e t a l s .  

Japanese   Kokai  83-161975  (82-41916)  d i s c l o s e s   s i l i c o n   n i t r i d e  

based  workpieces   c o n t a i n i n g   TiN,  aluminum  n i t r i d e   t o g e t h e r   with  Al2O3, 

Y203  and/or   SiO2  and/or   rare   e a r t h s .   For  i n s t a n c e ,   s i l i c o n   n i t r i d e  

in  an  amount  7 0  -   97.5  wt%,  TiN  powder  in  an  amount  of  0 . 5  -   15  wt% 

and  a  mixture   of  at  l e a s t   one  of  AlN,  A1203  and  SiO2  and  one  or  more 
of  Y203  and  oxides   of  rare   e a r t h s   in  an  amount  of  2  -   20  wt%  are  mixed 

and  moulded  and  burnt   in  a  n o n - o x i d a t i v e   gaseous  a tmosphere   (N2). 
TiN  makes  the  g r a i n s   of  the  s i n t e r e d   body  very  small   and  h e i g h t e n s  

the  s t r e n g t h   of  the  body  at  high  t e m p e r a t u r e .   The  s t r u c t u r e   of  t h e  

s i n t e r e d   body  is  f i b r i f o r m   and  has  high  s t r e n g t h   and  t e n a c i t y   at  h i g h  

t empera tu re   when  used  for  p a r t s   of  gas  t u r b i n e s .  

The  p r e s e n t   i n v e n t o r s   have  now  found  t ha t   the  above  a d v a n t a g e s  

can  s t i l l   be  markedly  t r anscended   with  the  s i n t e r e d   bodies   d e f i n e d  



in  c la im  1  c o n t a i n i n g   Si3N4  in  c o n j u n c t i o n   with  SiC,  TiC,  WC,  TiN 

and  TiB2,  the  q u a n t i t y   of  such  m e t a l l i c   compounds  being  de f i ned   i n  

c la im  1  and,  as  d e n s i f y i n g   a d d i t i v e s   MgO  and  A1203  in  q u a n t i t i e s   and 

p a r t i c l e s   s ize   as  de f ined   a lso   in  c la im  1 .  

P r e f e r a b l y ,   the  amount  of  MgO  in  the  s i n t e r e d   bodies   d e f i n e d  

in  c la im  2  is  5  to  15%  by  weight   and  the  amount  of  A1203  is  0.5  t o  

6%  by  weight .   Other  p r e f e r a b l y   used  r a t i o s   of  i n g r e d i e n t s   are  d e f i n -  

ed  in  c la im  2 .  

Af t e r   m i l l i n g   the  p a r t i c l e   s i ze   of  the  v a r i o u s   i n g r e d i e n t s   i s  

p r e f e r a b l y   in  the  0.01  to  0.5  um  r a n g e .  
The  type  of  Si3N4  used  for  making  p r e s e n t   s i n t e r e d   a r t i c l e s   i s  

p r e f e r a b l y   the  @ - type .   During  s i n t e r i n g   t h e  @  - f o r m   c o n v e r t s   i t s e l f  

to  the  β   -form;  the  e x t e n t   of  fo rmat ion   is  an  i n d i c a t i o n   of  the  e f -  

f e c t i v e n e s s   of  the  s i n t e r i n g   a d d i t i v e s   i n c l u d i n g   the  m e t a l l i c   n o n - o x i -  

de  compounds.  
For  making  a  s i n t e r e d   o b j e c t   the  va r ious   i n g r e d i e n t s   s e l e c t e d  

in  powder  form  are  mixed  and,  if  p a r t i c l e   s ize   r e q u i r e s   i t ,   are  g r o u n d  
in  a  b a l l - m i l l   u n t i l   the  d e s i r e d   p a r t i c l e   s ize   is  a t t a i n e d .   G r i n d -  

ing  s o l v e n t s   can  be  water  or  o r g a n i c   s o l v e n t s   such  as  v a r i o u s   f r a c -  

t i o n s   of  pe t ro l eum  (for  i n s t a n c e   l i g h t   petroleum)  and/or   lower  a l -  

cohols   (for  i n s t a n c e   t e r t - b u t a n o l ) .   M i l l i n g   b a l l s   are  p r e f e r a b l y   Si3N4 
b a l l s   as  no  f u r t h e r   m a t e r i a l   o the r   than  the  bas i c   s i l i c o n   n i t r i d e  

from  the  b a l l s   is  i n t roduced   dur ing  m i l l i n g .   However  when  d e s i r e d ,  

o the r   m i l l i n g   m a t e r i a l s   such  as  alumina  b a l l s   and  mi l l   can  a l so   be  

u s e d .  

Then  when  the  g r a n u l a t i o n   of  the  p a r t i c l e s   is  in  the  d e s i r e d  

s t a t e ,   the  fo l lowing   s t a g e s   are  p r e f e r a b l y   p e r f o r m e d :  

(a)  the  powder  is  conpacted   in  the  cold  s t a t e   in to   the  form  o f  

the  d e s i r e d   o b j e c t ,  

(b)  t h i s   molded  o b j e c t   is  s u b j e c t e d   in  i t s   cold  s t a t e   to  an  i s o -  

s t a t i c   p r e s s u r e   exceeding  1  T/cm2,  

(c)  the  o b j e c t   is  heated  under  reduced  p r e s s u r e   in  order   to  d e -  

gas  i t ,  

(d)  the  o b j e c t   is  heated  between  1650  and  1830°C.  under  an  e s -  

s e n t i a l l y   n i t r o g e n   a tmosphere ,   t h i s   l a t t e r   c p e r a t i o n   g iv ing   r i s e   t o  

the  r e q u i r e d   s i n t e r i n g   and  d e n s i f i c a t i o n .  

This  method  is  ex t r eme ly   a d v a n t a g e o u s ,   because  by  t ak ing   a c c o u n t  



of  the  c o n t r a c t i o n   dur ing   d e n s i f i c a t i o n   (of  the  order   of  40  to  60% 

by  volume)  the  o b j e c t   can  be  formed  of  app rox ima te ly   the  r e q u i r e d  

p r o p o r t i o n s ,   for  example  by  moulding  or  s tamping,   so  enab l ing   f u r t h e r  

machining  to  be  reduced  to  a  s t r i c t   minimum.  It   is  a l so   p o s s i b l e   t o  

gr ind   the  p a r t   before   s i n t e r i n g   (green  machining)  or  a f t e r   p r e - s i n -  

t e r i n g   below  1300°C.  

P r e f e r a b l y ,   a f t e r   s tage  (a),  which  is  c a r r i e d   out  by  the  u s u a l  

known  means,  s tage   (b)  is  c a r r i e d   out  at  2  T/cm2.  To  a t t a i n   t h i s ,  

the  molded  o b j e c t   can  for  example  be  wrapped  in  a  f l e x i b l e   p l a s t i c  

shee t   and  the  whole  s u b j e c t e d   to  a  h y d r o s t a t i c   p r e s s u r e   by  means  o f  

a  l i q u i d   such  as  o i l   in  a  s u i t a b l e   p r e s s .   A l t e r n a t i v e l y ,   the  o b j e c t  

can  be  molded  in  a  rubber  mold,  the  mold  then  being  p r e s sed   in  a  p i s -  

tcn  p r e s s ,   the  fo rces   due  to  the  p r e s s u r e   then  becoming  d i s t r i b u t e d  

un i formly   in  a l l   d i r e c t i o n s   by  way  of  the  m a t e r i a l   c o n s t i t u t i n g   t h e  

mold.  After   cold  p r e s s i n g   and  removal  from  the  mold,  the  p r e f o r m e d  

o b j e c t   (green)  is  o b t a i n e d ,   c o n s t i t u t e d   of  agg lomera ted   powder  h a v -  

ing  a  "green"  d e n s i t y   of  the  order   of  1.4  to  1 .8 ,   t h i s   value  d e p e n d -  

ing  on  the  p a r t i c l e   s ize   and  the  c r y s t a l l i n e   s t a t e   @, β  or  amorphous 

form)  of  the  Si3N4  used  for  the  f o r m u l a t i o n   of  the  s t a r t i n g   c o n p o -  
s i t i o n .  

Stages   (c)  and  (d)  can  be  c a r r i e d   out  as  fo l lows :   the  green  i s  

p laced  in  a  g r a p h i t e   c r u c i b l e   p rov ided   with  a  t i g h t   f a s t e n e r   ( f o r  

example  of  screw  type ) ,   to  reduce  any  N2  l o s s e s   by  high  t e m p e r a t u -  

re  decompos i t i on ,   and  in  order   to  p r even t   the  green  coming  in to   d i -  

r e c t   c o n t a c t   with  the  c r u c i b l e   wal ls   during  h e a t i n g ,   i t   is  embedded 

in  a  powder  which  is  i n e r t   at  high  t e n p e r a t u r e .   The  powder  used  c a n  

be  uncompacted  s i l i c o n   n i t r i d e   p o s s i b l y   c o n t a i n i n g   boron  n i t r i d e   t o  

p r e v e n t   the  Si3N4  of  t h i s   mixture   s i n t e r i n g   at  the  t empera tu re   u s e d  

for  s i n t e r i n g   the  p a r t ,   and  thus  to  f a c i l i t a t e   the  s t r i p p i n g   of  t h e  

p a r t   a f t e r   coo l ing .   For  degass ing   pu rposes ,   i t   is  then  hea ted   f o r  

about  a  ha l f   hour  at  around  800  to  1000°C.  under  a  p r e s s u r e   l o w e r  

than  10-1  Torr.   A  p r o t e c t i n g   a tmosphere   (for  example  N2  or  N2  +  1% 

H2)  is  then  i n t roduced ,   the  t empera tu re   is  r a i s ed   r a p i d l y   to  the  s i n -  

t e r i ng   p o i n t ,   t h i s   t e n p e r a t u r e   is  ma in ta ined   for  the  r e q u i r e d   t i m e ,  

and  f i n a l l y   the  whole  is  allowed  to  cool .   The  hea t ing   time  and  s i n -  

t e r i n g   t empera tu re   are  r e l a t e d   in  the  sense  t ha t   the  time  is  s h o r t -  

er  the  h igher   the  t empe ra tu r e .   P r e f e r a b l y ,   hea t ing   is  c a r r i e d   o u t  



for  about  15  minutes   around  1750°C.  These  c o n d i t i o n s   are  given  h e r e  

only  be  way  of  example,  but  d e m o n s t r a t e   the  e c o n a n i c a l   i m p o r t a n c e  

of  the  p r e s e n t   method.  If  r e q u i r e d ,   a f t e r   s i n t e r i n g ,   the  p a r t   c a n  

be  annealed   at  a  t e m p e r a t u r e   (for  example  of  the  order   of  1600°C.)  

which  s t a b i l i z e s   i t s   m i c r o s t r u c t u r e   and  improves  i t s   mechanica l   p r o p -  
e r t i e s .  

The  fo l lowing   Examples  i l l u s t r a t e   the  i n v e n t i o n .  

Example  1 

S i n t e r i n g   c o m p o s i t i o n s   were  p r epa red   by  m i l l i n g   t o g e t h e r   f o r  

168  hours  in  a  Si3N4  b a l l   m i l l ,   using  Si3N4  b a l l s   of  4  mm  s i z e ,   t h e  

fo l lowing   i n g r e d i e n t s :   S i 3 N 4  @ - f o r m )  ,   SiC,  MgO  and  A1203  in  v a r i a b l e  

p r o p o r t i o n s .   The  i n i t i a l   p a r t i c l e   s i ze   of  the  compounds  was  a b o u t  

0.3  to  1 µm.  The  so l i d   to  m i l l i n g   f l u id   (3:1  mix ture   of  p e t r o l e u m  

e the r   and  t e r t   bu tanol )   weight   r a t i o   was  a p p r o x i m a t e l y   1:2.   A f t e r  

m i l l i n g ,   the  average   p a r t i c l e   s ize   was  0 .2  µm.   Af te r   s e p a r a t i n g   f rom 

the  m i l l i n g   b a l l s   and  the  m i l l i n g   f l u i d ,   the  mix tu res   were  formed 

in to   o b j e c t s   ( p l a t e   60  x  60  x  7  mm)  by  i s o s t a t i c   p r e s s i n g   under  2 . 5  

T/cm2  in  a  h y d r a u l i c   p ress   and  the  greens   were  degassed   at  1000°  t h e n  

s i n t e r e d   ( t e n p e r a t u r e   r i s e s   about  110°/min)  for  15  min  at  s p e c i f i e d  

t e m p e r a t u r e s   comprised  between  1600  and  1850°C. 

In  t h i s   Example,  the  weight   amount  of  SiC  in  the  Si3N4  was  v a -  
r ied   from  0%  to  17%,  t o t a l   c o n t e n t   of  MgO  and  Al2O3  was  va r i ed   f rom 
3  to  32%,  and  MgO/Al2O3  r a t i o   was  va r i ed   from  1.5  to  29 .  

The  s i n t e r e d   o b j e c t s   were  cut  in to   bars   3.0  x  4.0  x  40  mm  and 

s u b j e c t e d   the  four  p o i n t   f l e x u r a l   r up tu re   t e s t   at  room  t e m p e r a t u r e  

(RT),  1200  and  1400°C  in  a i r .  

The  v a r i o u s   o p e r a t i n g   p a r a m e t e r s   and  the  r e s u l t s   are  shown  i n  

Table  I.  The  %  of  b e t a - f o r m   r e s u l t i n g   from  the  s i n t e r i n g   was  a s c e r -  

t a ined   by  X-ray  a n a l y s i s .  

The  s i l i c o n   n i t r i d e   s i n t e r e d   bodies   of  the  p r e s e n t   i n v e n t i o n  

are  No.  1  to  10  in  Table  I,  while  the  compara t ive   examples  are  No. 

11  to  1 7 .  

As  seen  from  the  r e s u l t s   of  Table  I,  the  four  po in t   f l e x u r a l  

s t r e n g t h   at  1400°C  is  not  l ess   than  380  MPa  and  the  d e n s i t y   is  n o t  



l e s s   than  3.12  g/cm3  for  samples  c o n t a i n i n g   0.5  to  15.0%  of  SiC  i n  

the  p resence   of  4.0  to  25.0%  of  the  t o t a l   c o n t e n t   of  MgO  and  Al2O3 
and  MgO/Al2O3  r a t i o   being  2  to  19  (p re sen t   i n v e n t i o n ) .  

P a r t i c u l a r l y   in  p r e f e r r e d   embodiments  of  N o .  5 ,   6,  7,  8  and  9 

which  have  MgO  c o n t e n t s   from  5  to  15%,  Al2O3  c o n t e n t s   from  0.7  t o  

6%  and  SiC  c o n t e n t s   from  1  to  10%  accord ing   to  the  p r e s e n t   i n v e n t i o n ,  

the  s t r e n g t h   at  1400°C  was  e x c e l l e n t ,   i . e .   not  l e s s   than  470  MPa. 

The  examples  Nos  11  to  15  which  are  not  covered  w i th in   the  a r e a  

of  the  p r e s e n t   i n v e n t i o n   are  a l so   shown  in  Table  I  for  c o m p a r a t i v e  

pu rposes .   In  the  case  of  No.  16  i t s   d e n s i t y   and  s t r e n g t h   are  i n s u f -  

f i c i e n t ,   because  f i r i n g   t e m p e r a t u r e   was  lower  than  the  p r e s e n t   i n -  

v e n t i o n .   In  the  case  of  No.  17,  f i r i n g   t e m p e r a t u r e   was  too  high,  and  

so  i t s   d e n s i t y   and  s t r e n g t h   are  i n s u f f i c i e n t ,   because  of  Si3N4  v o l a -  

t i l i z a t i o n .  





E x e n p l e  2  

The  p rocedure   o u t l i n e d   in  d e t a i l   at  Example  1  was  r epea t ed   b u t  

using  TiN  i n s t ead   of  S iC .  

In  t h i s   example,  the  weight  amount  of  TiN  in  the  Si3N4  was  v a r i e d  

from  0  to  17%,  the  t o t a l   con t en t   of  MgO  and  Al203  was  va r i ed   f rom 
2.9  to  30%,  and  MgO/Al2O3  r a t i o   was  var ied   from  1.5  to  28 .  

The  va r ious   o p e r a t i n g   pa r ame te r s   and  the  r e s u l t s   are  g a t h e r e d  
in  Table  II .   The  s i l i c o n   n i t r i d e   s i n t e r e d   bodies   of  the  p r e s e n t   i n -  

ven t ion   are  No.  21  to  30  in  Table  I I ,   while   the  compara t ive   examp le s  

are  No.  31  to  37.  As  seen  from  the  r e s u l t s   of  Table  I I ,   the  four  p o i n t  

f l e x u r a l   s t r e n g t h   at  1400°C  in  a i r   is  not  l e s s   than  380  MPa  and  t h e  

d e n s i t y   is  not  l e s s   than  3.11  g/cm3  for  sample  c o n t a i n i n g   0.5  to  15.0% 

of  TiN  in  the  p resence   of  4.0  to  25.0%  of  the  t o t a l   c o n t e n t   of  MgO 
and  Al2O3,  and  MgO/Al2O3  r a t i o   being  2  to  19.  P a r t i c u l a r l y   in  No. 

25,  26,  27,  28  and  29  which  have  MgO  c o n t e n t   of  from  7.5  to  15.0%,  
and  Al2O3  c o n t e n t   of  from  0.5  to  6%  and  a  TiN  c o n t e n t   of  from  1  t o  
10%  accord ing   to  the  p r e s e n t   i n v e n t i o n ,   the  s t r e n g t h   at  1400°C  i s  

e x c e l l e n t ,   i . e .   not  l e s s   than  500  MPa. 

The  compara t ive   examples  No.  31  to  35,  which  are  not  c o v e r e d  
wi th in   the  l i m i t e d   compos i t ion   area  of  the  p r e s e n t   i n v e n t i o n ,   a r e  
a l so   shown  in  Table  II  for  comparison.   In  the  case  of  No.  36  i t s   d e n -  

s i t y   and  s t r e n g t h   are  i n s u f f i c i e n t ,   because  f i r i n g   t e m p e r a t u r e   was 
lower  than  the  p r e s e n t   i nven t ion .   In  the  case  of  No.  37  f i r i n g   t e m -  

p e r a t u r e   was  too  high,   and  so  i t s   d e n s i t y   and  s t r e n g t h   are  i n s u f f i -  

c i e n t ,   because  of  Si3N4  v o l a t i l i z a t i o n .  





Example  3 

The  p rocedure   o u t l i n e d   in  d e t a i l   at  Example  1  was  r epea t ed   b u t  

using  WC  ins t ead   of  S iC .  

In  t h i s   example,  the  weight  amount  of  WC  in  the  Si3N4  was  v a r i e d  

from  0  to  17%,  the  t o t a l   c o n t e n t   of  MgO  and  Al2O3  was  va r i ed   f rom 

2.6  to  28%,  and  the  MgO/Al2O3  r a t i o   was  va r i ed   from  1.5  to  25 .  

The  va r ious   o p e r a t i n g   p a r a m e t e r s   and  the  r e s u l t s   are  g a t h e r e d  

in  Table  I I I .   The  s i l i c o n   n i t r i d e   s i n t e r e d   bodies   accord ing   to  t h e  

p r e s e n t   i n v e n t i o n   are  samples  No.  41  to  50  in  Table  I I I ,   while   No. 

51  to  57  are  given  as  compara t ive   samples.   As  s e e n  f r o m   the  r e s u l t s  

of  Table  I I I ,   the  four  po in t   f l e x u r a l   s t r e n g t h   at  1400°C  in  a i r   i s  

not  l ess   than  370  MPa  and  d e n s i t y   is  not  l e s s   than  3.12  g/cm3  f o r  

the  sample  c o n t a i n i n g   0.5  to  15.0%  of  WC  in  the  p re sence   of  4.5  t o  

25%  of  the  t o t a l   c o n t e n t s   of  MgO  and  Al2O3,  and  with  a  MgO/Al2O3  r a t i o  

of  2  to  19.  P a r t i c u l a r l y   in  No.  45,  46,  47,  48  and  49  which  have  a  

MgO  c o n t e n t   varying  from  5  to  15%,  an  Al2O3  c o n t e n t   of  from  0.8  t o  

6%  and  a  WC  con ten t   of  from  1  to  10%  accord ing   to  the  p r e s e n t   i n v e n -  

t ion ,   the  s t r e n g t h   at  1400°C  is  e x c e l l e n t   and  not  l e s s   than  450  MPa. 

,  The  compara t ive   examples  No.  51  to  55  which  do  not  r e f e r   to  t h e  

compos i t ion   area  of  the  p r e s e n t   i n v e n t i o n   are  shown  in  Table  I I I   f o r  

r e f e r e n c e   purpose .   In  case  of  No.  56  for  i n s t a n c e ,   the  d e n s i t y   and  

s t r e n g t h   are  i n s u f f i c i e n t ,   because  the  f i r i n g   t e m p e r a t u r e   was  b e l o w  

tha t   of  the  p r e s e n t   i n v e n t i o n .   In  case  of  No.  57,  the  f i r i n g   t e m p e r a -  
ture   was  too  high  and  consequen t ly   the  d e n s i t y   and  s t r e n g t h   are  i n -  

s u f f i c i e n t   because  of  Si3N4  v o l a t i l i z a t i o n .  





Example  4 

The  p rocedure   o u t l i n e d   in  d e t a i l   at  Example  1  was  r e p e a t e d   b u t  

using  TiC  or  TiB2  i n s t ead   of  S iC .  

In  t h i s   example,  the  weight  amount  of  TiC  or  TiB2  in  the  Si3N4 

was  1  or  5%,  the  t o t a l   con t en t   of  MgO  and  Al2O3  was  5.7  or  15.5%  and 

MgO/Al2O3  r a t i o   was 7  o r  9 . 3 .  

The  va r ious   o p e r a t i n g   pa r ame te r s   and  the  r e s u l t s   are  g a t h e r e d  

in  Table  IV.  The  s i l i c o n   n i t r i d e   s i n t e r e d   bodies   of  the  p r e s e n t   i n -  

ven t ion   are  No.  61  to  64  in  Table  IV,  while  No.  65  is  given  for  com- 

p a r i s o n .   As  seen  from  the  r e s u l t s   of  Table  IV,  the  four  po in t   f l e -  

xura l   s t r e n g t h   at  1400°C  in  a i r   is  not  l e s s   than  400  MPa  and  the  d e n -  

s i t y   is  not  l e s s   than  3.12  g/cm3  for  the  sanp les   c o n t a i n i n g   1.0  o r  

5.0%  of  TiC  or  TiB2  in  the  p resence   of  5.7  or  15.5%  of  the  t o t a l   c o n -  

t e n t s   of  MgO  and  A1203,  and  with  a  MgO/Al2O3  r a t i o   of  7  or  9 . 3 .  





1.  S i l i c o n   n i t r i d e   s i n t e r e d   bodies   which  c o n t a i n   metal  compounds 

s e l e c t e d   f ran   SiC,  TiN,  WC,  TiC  and  TiB2,  and  MgO/Al2O3,  c h a r a c t e -  

r i zed   in  having  such  metal   compounds  in  a  q u a n t i t y   by  weight  not  e x -  

ceeding  15%,  the  t o t a l   amounts  of  MgO  and  Al203  in  a  q u a n t i t y   by  

weight  of  4  to  25%  r e l a t i v e   to  the  t o t a l   of  the  compos i t i on   and  i n  

having  the  MgO/Al2O3  weight   r a t i o   from  19  to  2 .  

2.  S i l i c o n   n i t r i d e   s i n t e r e d   bodies   accord ing   to  c la im  1,  w h e r e -  

in  the  amount  of  metal  compound  s e l e c t e d   from  SiC,  TiN  and  WC  is  1 

to  10%  by  weight ,   the  amount  of  MgO  is  5  to  15%  by  weight   and  t h e  

amount  of  Al203  is  0.5  to  6%  by  w e i g h t .  

3.  S i l i c o n   n i t r i d e   s i n t e r e d   bodies   accord ing   to  c la ims  1  or  2 ,  

c h a r a c t e r i z e d   in  tha t   t h e i r   d e n s i t y   exceeds  3.10  g/cm3  and  t h e i r   f l e -  

xura l   s t r e n g t h   at  1400°C  is  not  l ess   than  350  MPa. 

4.  A  method  of  manufac tu r ing   s i l i c o n   n i t r i d e   s i n t e r e d   b o d i e s  

by  the  p r e s s u r e l e s s   s i n t e r i n g   of  a  compos i t i on   in  powder  form,  wh ich  

comprises   mixing  a  raw  m a t e r i a l   powder  of  s i l i c o n   n i t r i d e   c o n t a i n -  

ing  magnesium  oxide  and  aluminium  oxide  and  a  metal   compound  s e l e c t e d  

f r an   SiC,  TiN,  WC,  TiC  and  TiB2,  the  t o t a l   amounts  of  MgO  and  Al2O3 
being  4  to  25%  by  weight   of  the  compos i t ion   and  the  MgO/Al2O3  w e i g h t  
r a t i o   being  from  19  to  2,  forming  the  r e s u l t i n g   mixture   into  an  a r -  

t i c l e   and  f i r i n g   t h i s   a r t i c l e   at  a  t e m p e r a t u r e   of  1650-1830°C  in  a n  

atmosphere  composed  e s s e n t i a l l y   of  n i t r o g e n .  
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